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1. A stable mammalian cell line with an adeno-associated vims (AAV) rep 
gene operably linked to a heterologous promoter, said cell line being capable of 
expressing functional Rep protein. 

6. A method of packaging a recombinant AAV vector without producing wild- 
type AAV, said method comprising 

(a) transfecting a helper virus infected cell line of claim 1 with the 
recombinant plasmid containing an AAV vector, said AAV vector either having a 
functional AAV capsid gene or being complemented with a second vector having a 
functional AAV capsid gene, wherein said AAV vector lacks overlapping homology 
with AAV sequences in the cell provided in claim 1; and 

(b) culturing the transfected cells under conditions that permit expression of 
the AAV rep and capsid genes. 
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AyVfinw1edgf "ient nf Support . 

5 This invention was made with support from: (i) the United States Government 

under R29CA 58743 from the National Institutes of Health; (ii) the March of Dimes - 
Birth Defects Foundation under 1-FY92-0527; and (iii) the' Ohio Cancer Research 
Associates. These three agencies have certain rights in the invention. 

10 Tft-.hnical Field 

This invention relates to gene therapy and more specifically to stable cell lines 
that are useful for packaging recombinant adenp-associated virus type 2 (AAV) vectors 
without producing wild-type AAV. 

15 Background 

AAV vectors are among a small number of recombinant virus vector systems 
which have been shown to have utility as in vivo gene transfer agents (reviewed in 

Carter, 1992, mm "H" ; ™ in n"*™*™- 3 - 533 " 539; Muzcyzka ' 1992 ' ^ 
t t ^ Immunol. 158:97-129) and thus are potentially of great importance for 

20 ; human gene therapy. AAV vectors are capable of high-frequency stable DNA 

integration and expression in a variety of cells including cystic fibrosis (CF) bronchial 
and nasal epithelial cells (Flotteetal., 1992a, ft m T Fnrtr <W MpI . PM. 7:349- 
356- Egan et al., 1992, Was. 358:581-584; Flotte et al., 1993a, UM^SIIL 
268'3781-3790; Flotte et al., 1993b, PtqC Natl Afflfl ,W. USA, in press), human 

25 bone marrow^erived erythremia cells (Walsh et al., 1992, PjPT Nat l, ^ Sd. 
USA 89:7257-7261), and several others. AAV may not require active cell division for 
stable expression which would be a clear advantage over retroviruses, especially in 
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tissue such as the human airway epithelium where most cells are terminally 
differentiated and non-dividing. 

AAV is a defective parvovirus that grows only in cells in which certain 
functions are provided by a co-infecting helper virus. General reviews of AAV may be 

5 found in Carter, 1989, Handbook of Parvoviruses. Vol. I, pp. 169-228, Carter, 1989, 
Handbook of Parvoviruses . Vol. I, pp. 169-228, Berns, 1990, Virology, pp. 1743- . 
1764, Raven Press, New York). Examples of co-infecting viruses that provide helper 
functions for AAV growth and replication are adenoviruses, herpesviruses and in some 
cases poxviruses such as vaccinia. The nature of the helper function is not known but 

10 appears to be some indirect effect of the helper virus which renders the cell permissive 
for AAV replication. This concept is supported by the observation that in certain cases 
AAV replication may occur at a low level of efficiency in the absence of helper virus 
co-infection if the cells are treated with agents that are either genotoxic or that disrupt 
the cell cycle. 

15 AAV has a very broad host range with neither obvious species or tissue 

specificity and will replicate in virtually any cell line of human, simian or rodent origin 
provided an appropriate helper is present. AAV is ubiquitous and has been isolated 
from a wide variety of animal species including most mammalian and several avian 
species. 

20 AAV has not been identified as the cause of any disease. AAV is not a 

transforming or oncogenic virus. AAV integration into chromosomes of human cell 
lines does not cause any significant alteration in the growth properties or morphological 
characteristics of the cells. These properties of AAV also recommend it as a 
potentially useful human gene therapy vector because most of the other viral systems 

25 proposed for this application such as retroviruses, adenoviruses, herpesviruses, or 
poxviruses are disease-causing viruses. 

The AAV genome has one copy of the 145-nucleotide-long ITR (inverted 
terminal repeat) on each end and a unique sequence region of about 4470 nucleotides 
long (Srivastava et al., 1983, J. Virol. . 45:555-564) that contains two main open 

30 reading frames for the rep and cap genes (Hermonat et al., J, Virol ■ 51:329-339; 
Tratschin et al., 1984a, J. Virol. . 51:611-619)., The unique region contains three 
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transcription promoters p s , p i9 , and p* (Laughlin et al., 1979, Prpc. Natl . Acad . Sci . 
USA, 7(5:5567-5571) that are used to express the rep and cap genes. The ITR 
sequences are required in cis and are sufficient to provide a functional origin of 
replication (on) and also are sufficient to provide signals required for integration into 
5 the cell genome as well as for efficient excision and rescue from host cell chromosomes 
or from recombinant plasmids. In addition, it has been shown that the ITR can 
function directly as a transcription promoter in an AAV vector (Flotte et al., 1993, vide 
supra). 

The rep and cap genes are required in trans to provide functions for replication 
10 and encapsidation of viral genome, respectively. The rep gene is expressed from two 
promoters, p 5 and p, 9 . Transcription from p, yields an unspUced 4.2 kb mRNA which 
encodes a protein, Rep78, and a spliced 3.9 kb mRNA which encodes a protein, 
Rep68. Transcription from p„ yields an unspliced mRNA which encodes Rep52 and a 
spliced 3.3 kb mRNA which encodes Rep40. Thus, the four Rep proteins all comprise 
15 a common internal region sequence but differ with respect to their amino and carboxyl 

terrrdnal regions. Only Rep78 and Rep68 are required for AAV duplex DNA 
. replication, but Rep52 and Rep40 appear to be needed for progeny, single-strand DNA 
accumulation. Mutations in Rep78 and Rep68 are phenotypically Rep- whereas 
mutations affecting only Rep52 and Rep40 are Rep+ but Ssd-. Rep68 and Rep78 bind 
20 specifically to the hairpin conformation of the AAV ITR and possess several enzyme 
activities required for resolving replication at the AAV termini. Rep52 and Rep40 
have none of these properties. 

The Rep proteins, primarily Rep78 and Rep68, exhibit several pleiotropic 
regulatory activities including positive and negative regulation of AAV genes and 
25 expression from some heterologous promoters, as well as inhibitory effects on cell 
growth (Tratschin et al., 1986, MfiL£s!L_Siol 6:2884-2894; Labow et al., 1987, 
■ Mnl. Cell. Biol. . 7:1320-1325; Khleif et al., Vjnta 181:738-741). The AAV Pj 
promoter is negatively autoregulated by Rep78 or Rep68 (Tratschin et al., 1986, MoL 
Cell. Biol. 6:2884-2894). 
30 .The general principles of AAV vector construction were defined as reviewed 

recently (Carter, 1992, Current Opinion " Biotechnology. 3:533-539; Muzyczka, 
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1992, Current Topics in Microbiology and Im munology. 158:97-129). AAV vectors 
are constructed in AAV recombinant plasmids by substituting portions f the AAV 
coding sequence with foreign DNA to generate a vector plasmid. In the vector 
plasmid, the terminal (TTR) portions of the AAV sequence must be retained intact 

5 because these regions are required in cis for several functions, including excision from 
the plasmid after transfection, replication of the vector genome and integration and 
rescue from a host cell genome. , The vector can then be packaged into an AAV 
particle to generate an AAV transducing virus by trahsfeCtibn of the vector plasmid into " 
cells that are infected by an appropriate helper virus such as adenovirus or herpesvirus. 

10 In order to achieve replication and encapsidation of the vector genome into AAV 

particles, the vector plasmid must be complemented for any AAV functions required in 
trans, namely rep and cap, that were deleted in construction of the vector plasmid. 

As discussed, AAV vectors have potential utility for treatment of human disease 
by gene therapy. One of the limiting factors for AAV gene therapy has been the 

15 relative inefficiency of the vector packaging systems that have been used. Because of 
the lack of cell lines expressing the AAV trans complementing functions, such as rep 
and cap, packaging of AAV vectors has been achieved in adenovirus-infected cells by 
co- transfection of a packaging plasmid and a vector plasmid. The efficiency of this 
process may be limited by the efficiency of transfection of each of the plasmid 

20 constructs, and by the level of expression of Rep proteins from the packaging plasmids 
described to date. Each of these problems appears to relate to the biological activities 
of the AAV Rep proteins. In addition, and as noted above, all of the packaging 
systems described above have the ability to generate wild-type AAV by recombination. 
The lack of cell lines stably expressing functional Rep apparently reflects a 

25 cytotoxic or cytostatic function of Rep as shown by the inhibition by Rep of n&t 
resistant colony formation (Labow et al M 1987; Trempe et al., 1991). This also 
appears to relate to the tendency of Rep to reverse the immortalized phenotype in 
cultured cells, which has made the production of cell lines stably expressing functional 
Rep extremely difficult. Several attempts to generate cell lines expressing Rep have 

30 been made. Mendelson et al., (1988, Virology . 166: 154-165) reported obtaining very 
low level expression of certain AAV Rep proteins after stable transfection of HeLa or 
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293 cells with plasmids containing an AAV rep gene, but the level was insufficient for 
vector production. Vincent et al., (1990, Vaccines 90 , Cold Spring Harbor Laboratory 
Press, pp. 353-359) attempted to generate cell lines containing the AAV rep and cap 
gene expressed from the normal AAV promoters, but these attempts were not 

5 successful either because the vectors were contaminated with a 100-fold excess of wild- 
type AAV particles or because the vectors were produced at only very low titers of less 
than 4 x 10 3 . In an alternate approach, Lebkowski et al. (U.S. patent 5,173,414, 
issued Dec. 22, 1992) constructed cell lines containing AAV vectors in an episomal 
plasmid. These cell lines could then be infected with adenovirus and transfected with 

10 the trans complementing AAV functions rep and cap to generate preparations of AAV 
vector. It is claimed that this allows higher titers of AAV stocks to be produced. 
However, in the examples shown, the only information relative to titer is that one 
human cell line, K562, could be transduced at efficiencies of only 1% or less, which 
does not indicate high titer production of any AAV vector. In this system the vector is 

15 carried as an episomal (unintegrated construct), and it is stated that integrated copies of 
the vector are not preferred. 

The approach to packaging of AAV vectors described by Lebkowski et al., 
1992, has several undesirable aspects. First, maintaining the vector as an unintegrated, 
high copy number episomal plasmid in a cell line is not desirable because the copy 

20 number per cell cannot be rigorously controlled, and episomal DNA is much more 
likely to undergo rearrangement leading to production of defective vectors. Secondly, 
in this system, the vector must still be packaged by infecting the cell line with 
adenovirus and introducing a plasmid containing the AAV rep and cop genes. The 
plasmid used by Lebkowski et al., 1992, again was pBal which, as noted above, has 

25 overlapping homology with the vector ITR sequences and will result in generation of 
wild-type AAV. Third, in the pBal packaging plasmid used by Lebkowski et al., 
1988, 1992, the rep gene is expressed off its homologous p 5 promoter and is thus 
negatively autoregulated and therefore rep expression is likely to be limited. 

The problem of suboptimal levels of rep expression after plasmid transfection 

30 may relate to another biological activity of these proteins. There is evidence (Tratschin 
et al., 1986, Mol. Cell. Biol. 6:2884-2894) that AAV-Rep proteins down-regulate their 
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own expression from the AAV- Pi promoter which has been used in all of the previously 
described packaging constructs such as p AAV/Ad (Samulski et al., 1989) or pBal 
(Lebkowskietal., 1988, 1992). 

The present invention provides stable cell lines that are capable of relatively 
5 high levels of Rep78 and are useful for packaging AAV vectors without producing 
wild-type AAV. 

reinsure of the Invention 

One aspect of the invention is a stable cell line having an AAV vector having 
10 the rep gene operably linked to a heterologous promoter or a Rep78 insensitive 
transcription promoter, said cell line being capable of producing functional Rep78. 

Another aspect of the invention is a method of packaging a recombinant AAV 
vector without producing wild-type AAV comprising transfecting the above-described 
cell line which has been infected with a helper virus with a recombinant AAV vector, 
15 said AAV vector being capable of expressing the AAV cap gene or being 

complemented with a second vector capable of expressing the AAV cap gene but 
lacking overlapping homology with AAV sequences in the above-described cell line, 
and culturing the transfected cells under conditions which permit expressing of the «p 
and cap genes. 

20 - stm another of the invention M" method^ 

described stable cell line comprising transfecting a mammalian cell line capable of 
infection by AAV with an AAV vector having the rep gene operably linked to a 
heterologous promoter or a Rep78 insensitive transcription promoter, culturing the 
transfected cells under conditions that permit expression of the rep gene, selecting a 

25 cell that stably produces Rep78 from the culture, and growing said cell to produce the 
cell line. 

B ppf Descrip tion ? r the Drawings 

•Figure 1 is a representation of me pMtrep plasmid. 

30 Figure 2 is a half-tone reproduction of Western blot analysis of Rep proteins 

from various neomycin-resistant clones cultured in the absence (-), or presence <+), of 
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heavy metal induction, or from 293 cells transfected with pAW2 of pMtrep. Lane E. 
coll contains Rep protein from a prokaryotic expression vector. 

Figure 3 is a half-tone reproduction of AAV terminal repeat binding assay usmg 
Re p78 produced from neo6 cells! The DNA binding reaction contained no extract (lane 
5 free), or l>Lof nuclear extract from pCDM8 (lane pCDM8) or pCDMrep (lane 
pCDMrep) transfected 293 cells, or from induced (+) or uninduced (-) neo5 or neo6 

-■ --cells.- •- .-• • - • . ~ , -- ...... 

Figure 4 is a half-tone reproduction of Southern hybridization analysis of a 

packaging assay for a rep gene mutant AAV genome in the presence (+), or absence 

10 (-) of induction. 

Figure 5 is a half-tone photograph of plates from the^colony forming efficiency 

(CFE) assay. 

Figure 6 is a graph displaying the results of the MTT growth assay. The cell 
growth curves in the presence (+) or absence (-) of heavy metal induction were 
15 derived from four experiments. Tne results are expressed as optical densities (O.D.) 
vs. rime after plating (days). 

Mnft ff far Tarr fT *M Invention 

The practice of the present invention; will employ, unless otherwise indicated, 
20 conventional techniques of molecular biology, microbiology, recombinant DNA, and 
immunology, which are within the skill of the art. Such techniques are explained fully 
in the literature. e.g., Sambrook, Fritsch, and Maniatis, Mp 1<rn toT Cloning; A 

1984), H-i ™ Culture (R.I. Freshney, Ed., 1987), the series Msto 
25 ItoW&m (Academic Press, Inc.); fi . IT Tffl mfrT V*mn for Mamma l iM Cel ls 
(J M Miller and M.P. Calos eds. 1987), I T ^h nnl f of F^Ti"H^ iHimHHtoP . 
0 M Weir and C.C. Blackwell, Eds.), Current Protocols in Molecular Biology (F.M. 
Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.G. Siedman, J.A. Smith, and K. 
Struhl eds., 1987), and Current Protocols in Immunology (I.E. Cobgan, A.M. 
30 Kruisoeek, D.H. Margulies, E.M. Shevach and W. Strober, eds., 1991). All patents, 
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patent applications, and publications mentioned herein, both supra and infra, are hereby 
incorporated herein by reference. 

The cell lines of the invention may be derived from any mammalian parent cell 
line that is susceptible to AAV infection. As indicated previously, AAV has a very 

5 broad host range and has been isolated, from a variety of mammalian cell types 

including simian, human and rodent cells. For gene therapy, human cell lines in which 
appropriate helper functions can be expressed will be used. Examples of such human 
cell lines from which the invention cell lines may be derived are 293, HeLa, A549, 
KB, Detroit and WI38. 293 cells are particularly preferred. 

10 The cell lines of the invention are produced by tiansfecting the parent cell line 

with a plasmid having the AAV rep gene operably linked to a heterologous promoter or 
an AAV Rep78 insensitive promoter, culturing the transfected cells in a selective 
medium, culturing the surviving cells under conditions that promote expression of the 
AAV rep gene, selecting cells that produce Rep78, and culturing the Rep78-producing 

15 cells. 

The plasmid containing the rep gene that is used to transfect the parent cells 
should be capable of stably integrating into the cell and should not be rescued by 
infection of the transfected cell with a helper virus. It includes the AAV rep gene 
operatively linked to a heterologous transcription promoter. The promoter can be 

20 homologous, but it must be Rep78 insensitive, at least to the extent that it is not 

completely down-regulated by the expressed Rep78 protein. Acceptable promoters may 
be somewhat, but not strongly, downregulated by rep gene expression. The promoter 
may be an inducible promoter or a constitutive promoter. Examples of inducible 
promoters include the following: heavy metal ion inducible promoters such as the 

25 metallothionein promoter; steroid hormone inducible promoters, such as the MMTV 
promoter, or the growth hormone promoter; promoters which would be inducible by 
the helper virus such as adenovirus early gene promoter inducible by adenovirus El A 
protein, or the adenovirus major late promoter; herpesvirus promoter inducible by 
herpesvirus proteins such as VP16 or 1CP4; vaccinia or poxvirus inducible promoters 

30 or promoters inducible by a poxvirus RNA polymerase; bacterial promoter such as that 
from T7 phage which would be inducible by a poxvirus RNA polymerase; or a 
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bacterial promoter such as that from T7 RNA polymerase. Strong constitutive 
promoters that will be suitable for use as the heterologous promoter for rep expression 
include the adenovirus major later promoter, the cytomegalovirus immediate early 
promoter, the & actin promoter, or the )5 globin promoter. Promoters activated by 
5 RNA polymerase EH could also be used. 

In the examples shown infra, the parent cells were cotransfected with a neo 
gene-containing vector and the initial selection was performed by culturing in a 
geneticin-containing medium. It is, of course, apparent that other selective markers 
may be used. After initial selection, surviving cells are isolated, cultured under 
10 conditions permitting the expression of the rep gene (e.g., in the. case of inducible 
promoters, including an inducing agent in the culture medium), harvested, and assayed 
for Rep78 production. Western blotting or other suitable assays may be used. Clones 
producing Rep78 are expanded to produce the inventive cell lines (the term "cell line" 
is intended to include progeny (subclones) of an original line). Stability is manifested 
15 by the ability to produce Rep78 over at least about 12 months and greater than about 
50 passages. The level of Rep78 protein production by the cells is sufficient to permit 
the cells to be used to package recombinant AAV vectors. Following the inventive 
method, packaged vectors have been measured in the supernatant at titers ranging from 
2.8 x 10 7 to 1.4 x 10 8 viral particles per milliliter. These supernatant titers compare 
20 very well with the prior art, even though the prior art generally has reported levels 
after concentration procedures. 

The packaging cell lines of the invention are used to package recombinant AAV 
vectors as follows. 

The recombinant AAV vector is comprised of the AAV ITR regions and a 
25 transcription promoter operably linked to a target polynucleotide. The transcription 
promoter that is linked to the target polynucleotide allows the formation of transcripts, 
and includes, for example, non-AAV promoters as well as AAV promoters such as ps, 
p 19 , p^, and AAV ITR promoters. The transcription and/or translation products of the 
target polynucleotide are of use, preferably in gene therapy. Thus, target 
30 polynucleotides include genes to be delivered for gene therapy, for example, those 
encoding subunit chains of hemoglobin, enzymes, proteins such as the cystic fibrosis 
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transmembrane conductance regulator (CFTR), and the like. Target polynucleotides 
may also be polynucleotides that when transcribed have activity as anti-sense 
molecules, as decoys that bind to transcription or translation factors, as ribozymes, and 
the like. Target polynucleotides also include genes that encode immune response 

5 modulators such as cytokine and major histocompatibility genes. Another class of 
polynucleotides that can be used for gene therapy are genes that make the recipient cell 
susceptible to specific drugs such as the herpes virus thymidine kinase gene and 

~ methotrexate-resistant, mutane dihydrofolate reductase genes. Another target 

polynucleotide is wild-type p53 tumor suppressor cDNA for replacement therapy of the 
10 missing or damaged p53 gene which is associated with lung, breast and other types of 

* cancer. •• . 

' The cells are infected with a helper virus such as adenovirus or herpes virus and 
then transfected with the vector. Other.means of introducing the vector, e.g., 
electroporation.maybeused. Complementing AAV capsid function is provided by 
15 cotransfecting the cells with a vector that is capable of expressing the AAV cap gene. 
The complementing vector may express the cap gene from either a homologous AAV 
promoter such as the p«, promoter or from a heterologous promoter. Alternatively, the 
AAV cap gene may be included in the primary vector, thus eUminating the need for a 
. complementing vector. To avoid the development of wUd-tyr^ AAV, the transfecting ■ 
' 20 AAV vector must have no overtopping homology with AAV sequences already in the 
cells infected with the helper virus. 

After transfection the cells are cultured under conditions which permit 
expression of the rep wdcop genes and replication of AAV. If the rep gene is 
operably linked to an inducible promoter, a suitable inducing agent is included in the 
25 medium. The cells are typically grown for 2-5 days, lysates are prepared, and the 
recombinant AAV vector particles are purified by techniques known in the art. 

The following examples further illustrate the invention. They are not intended 
to limit the invention in any manner. 

The neo6 cell line, described below, was deposited on November 9, 1993, with 
30 the American Type Culture Collection (ATCC), 12301 Parklawn Dr., Rockville, 
. Maryland 20852, and has been assigned the Accession Number CRL 11484. The 
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deposit was made under the terms of the Budapest Treaty. Upon allowance and 
issuance of this application as a United States Patent, all restriction on availability of 
the deposit will be irrevocably removed; and access to the designated deposits will be 
available during pendency of the above-named application to one determined by the 
5 Commissioner to be entitled thereto under 37 CFR § 1.14 and 35 USC § 1.22. 

Moreover, the designated deposits will be maintained for a period of thirty (30) years 
from the date of deposit, or for five (5) years after the last request for the deposit; or 
for the enforceable life of the U.S. patent, whichever is longer. The deposited 
materials mentioned herein are intended for convenience only, and are not required to 
10 practice the present invention in view of the descriptions herein, and in addition these 
materials are incorporated herein by reference. * 

Examples 

15 Example 1 

Projection of Plasmifo 
Standard procedures were followed for plasmid construction, growth and 

purification (Ausubel et al. (ed.) 1987. Current Protocols in Molecular Biology. 

Greene Publishing Associates, Brooklyn, N.Y.). Adenovirus type 2 was used at a 
20 multiplicity of infection (MOI) of 5. Plasmid pMtrep (Fig. 1) contains the wild type 

ISE gene from deoxyribonucleotide 263 to 2233 of the AAV genome operably linked to 

a 1.9 kbp DNA fragment from the mouse metallothionein I gene that contains a heavy 

metal-inducible transcription promoter (Hamer and Walling. 1982. J. Mol. App l. 

Genet. 1:273-288.; Yang et al. 1992. J. Virol. 66:6058-6069). Plasmid pCDMrcp 
25 1 contains the same rep gene sequence inserted into the pCDM8 vector (Invitrogen 

Corp.) (Yang and Trempe. 1993. J. Virol. 67:4442-4447). 

Plasmid pAMtrep was constructed by performing a partial Kpnl digestion of 

pMtrep and isolating a 2725 bp fragment that contained the mouse metallothionein I 

promoter from the Kpnl site at -650 bp from the transcription start site to 69 bp 
30 downstream of the start site, approximately 18 bp of pGEM3Z polylinker sequence 

(from the Hindm to the Xhol sites), the AAV JS2 gene sequences contained in the 
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Aval restriction endonuclease fragment from 263-2233 in the AAV genome, and 
approximately 21bp of pGEM3Z polylinker sequence (from the 2M to the KjmJ 
sites). The 2725 bp M fragment was inserted in the KedI site of the plasmid pAWl 
to create pAMtrep. Plasmid pAWl was created by inserting a 336 bp Kpnl to SnaH 
5 fragment, containing the AAV polyadenylation signal from pAV2, into the ESQ&I to 
Kpnl sites of pGEM3Z after the EcoEI site had been converted to a blunt end with the 
Klenow fragment .of £, co/i DNA polymerase L Thus, pAMtrep contains 69 bp of the 
leader sequence of the mouse metallothionein mRNA and the immediate upstream 
regulatory elements that allow for heavy metal induction, but pAMtrep lacks the 
10 upstream enhancer elements from the promoter. 

Plasmid pJDT279 contains the complete AAV2 genome but with a. frame shift 
mutation in the rep. gene at the M site at nucleotide 814 (Tratschin et al. 1984. 
I. vi ro i. 51:61 1-619.). Plasmid pSV2neo has been described previously (Southern and 
Berg. 1 Q<n J, My', Appl. Genet. 1:327-341). 
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20 



Sample 2 

Human 293 cells (Graham et al. 1977. T Pen, Virol, 36:59-72) were grown in 
Eagle minimum essential medium (MEM) supplemented with antibiotics and 10% fetal 
bovine serum: All DNA transfections were carried out on cultures that were 50-70% 
confluent using the calcium phosphate method one day after plating cells onto culture 
. dishes (Ausubel et al. (ed.) 1987. Current jn Modular Biology. Greene 

Publishing Associates, Brooklyn, N.Y.). 

The inhibition of cell proliferation mediated by the AAV m gene has prevented 
25 the development of cell lines that express significant levels of Rep proteins. To 
circumvent these antiproUferative effects, the ISC gene was operably linked to the 
inducible mouse metaUothionein I (Mt) transcription promoter (Yang et al. 1992. 
I. Virol. 66:6058-6069). The Mt promoter fragment used in the construction of 
pAMtrep contains 64 bp of the first exon of the metallothionein gene to 
30 -650 in the promoter. This promoter has reduced basal level expression but retansus 
heavy metal inducibility (KARIN). pAMtrep and pSV2neo were cotransfected onto 293 
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cells, and geneticin was used to select those cells that had acquired and expressed the 
neo gene. Geneticin-resistant clones were screened for the production of Rep proteins 
upon induction. 2 x 10 s human 293 cells in 35 mm dishes were co-transfected with 
2 iig of pSV2neo and 6 /ig of pAMtrep. Inducible cell lines were grown in MEM 

5 medium containing 10% dialyzed FBS and 1 mg/ml (600 /xg/ml active component) of 
geneticin (Sigma Chem. Co.). All cells were maintained as monolayer culture at 37°C 
in a 5.0% C0 2 atmosphere. Two days later, cells were trypsinized, diluted and plated 
on 100 mm dishes to allow for outgrowth of single cell clones. Selective medium 
containing 0.6 mg/ml of active component geneticin (Sigma Chemical Corp.) in MEM 

10 was put on cells 48 hr later. 

Cultures were grown in selective medium for 10 to J4 days, after which the 
surviving colonies were isolated, cultured and assayed for Rep protein expression. To 
induce Rep protein expression, the cell culture medium was adjusted to 2 /im CdS0 4 
and 100 /xm ZnCl 2 16-24 hours before the cultures were harvested and analyzed for 

15 Rep protein expression. Western blot analysis to detect Rep expression was performed 
using Rep-specific antiserum (Trempe et al. 1987. Virology 161:18-28) as described 
below. One clone, Neo6, was found to express significant amounts of Rep78 as 
determined by Western blot assays using anti-Rep antiserum (Fig. 2). Another 
geneticin-resistant clone, neo5, did not express any detectable Rep protein upon 

20 induction. Indirect immunofluorescence of Neo6 cells indicated that between 30-70% 
of the cells were positive for Rep protein expression (Yang and Trempe, Unpublished 
data). 

In an attempt to obtain a higher percentage of Rep-positive cells, Neo6 cells 
were subcloned by limiting dilution. Subcloning of Neo6 generated clones Neo34, 

25 Neo36, Neo39 and Neo40, which all produce significant levels of Rep78 when induced 
(Fig. 2). Although clone Neo34 is not shown on this western blot it produced Rep78 at 
level comparable to that of Neo6 (Yang and Trempe, ibid.). The proportion of cells 
expressing Rep proteins among the subclones was comparable to that of the parental 
Neo6 cells (approximately 60%) as judged by immunofluorescence*, and the staining 

30 was also confined to the nucleus (Yang and Trempe, ibid.). 
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Protein extraction and analysis. 3 x 10* geneticin-resistant cells in 35 mm dishes 
were induced for the expression of Rep proteins. Rep proteins from the cell lines or 
transfected cells were extracted from nuclei in 200 mM NaCl in STM-NP buffer as 
previously described (Yang, ibid.). The protein extracts were separated by sodium 
5 dodecyl sulfate 12.5% polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed 
by Western immunoblotting as previously described (Yang et al. 1992. LUsL 
66:6058-6069) or were used in gel mobility shift assays. 

Gel mobility shift assay. Rep78 mediates AAV DNA replication by binding to the 
10 AAV terminal repeat sequences existing in a hairpin conformation and this 

characteristic can be emulated in vim, (Asktorab and Srivasuve. 1989. UEffiL 
63-3034-3039; Im and Muzyczka. 1989. OilQL 63:3095-3104). The Mowing 
hairpin binding assays were performed to establish that Rep78 from Neo6 cells is 
functional. s^c^J^^AAV^ ^^^'^ 3 
15 shows an AAV hairpin binding assay with nuclear extracts from Neo5, Neo6 and wild 
type gene plasmid-transfected cells. Rep78 protein produced from induced Neo6 
cells efficiently bound to the radiolabeled hairpin; whereas, no mobility shift was 
observed with nuclear extracts from uninduced Neo6 cells. This is consistent with the 
Western blotting analysis of Neo6 cells where no Rep78 was detected in the absence of 
20 induction (Fig. 2). The shifted band can be abolished by the addition of excess 

unlabeled AAV hairpin or supershifted by antibody against the Rep proteins (Yang and 

Trempe, Unpublished data). 

As a positive control for these mobility shift assays, nuclear extracts were 
prepared from pCDMrep-transfected 293 cells which are known to contain Rep78 that 
25 effigy binds* the AAV ^ 

j virol . 67:4442-4447). Nuclear extracts from plasmid pCDMS-transfected 293 cells 
or control clone Neo5 failed to shift the hairpin structure. Binding of the Rep78 
protein to radiolabeled AAV hairpin DNA was performed as described previously _ 
(Yang and Trempe, ibid.). Reproduced from mese ceU Imes has sin^lar mobiUues 
30 after binding as Rep78 from human 293 cells transfected with pMtrep, and the bound 



WO 95/13392 



PCT/US94/12582 



-15- 

proteins appear as a doublet, as observed by others (Im and Muzyczka. 1992. J. Virol. 
66:1119-1128). 

The predominant form of Rep protein expressed in these cells is Rep78. This 
may be due. to the absence of helper virus infection which enables efficient AAV 

5 mRNA splicing which in turn would limit Rep68 synthesis CTrempe and Carter. 1988. 
J. Virol. 62:3356-3363). The lack of Rep52 expression may also be due to the absence 
of adenovirus infection which has been shown to increase pi 9 expression (Tratschin et 
al. 1984. Mol. Cell.. Biol. 4:2072-2081), or the lack of AAV terminal repeat sequences 
which also have a stimulatory effect on p 19 expression (Beaton et al. 1989. J. Virol. 

10 63:4450-4454). 

AAV DNA replication and packaging assays. For determination of AAV DNA 
replication, 2 /xg of pJDT279 was transfected into the indicated cell lines in the 
presence of adenovirus type 2 coinfection (MOI = 5). Two days after transfection, 

15 Hirt supernatant DNA was prepared (Hirt. 1967. J. Mol. Biol. 26:365-369). The DNA 
was then digested with DpnI . separated by agarose gel electrophoresis, transferred to 
nitrocellulose filter paper, hybridized to a radiolabeled AAV cap gene probe and 
processed by autoradiography using standard techniques (Ausubel et al. (ed.) 1987. 
Current Protocols in Molecular Biology. Greene Publishing Associates, Brooklyn, 

20 N. Y.). The hybridization probe was a Hindi restriction endonuclease fragment from 
pJDT279 that contained sequences from 2397 to 3981 of the AAV genome. 

Example 3 
Packaging of Recombinant AAV Vectors 
25 Current methods of producing infectious, mutant AAV particles utilize 

cotransfections of an AAV vector plasmid containing the viral origins of replication and 
a plasmid containing the rep and cap genes of AAV. A limitation of this method is 
that if there are any homologous sequences shared between the two cotransfected 
plasmids, substantial recombination will occur resulting in production of wild type 
30 AAV. Thus, care must be taken to avoid overlapping homologies between the two 
. transfected plasmids. 
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pYT45 contains the AAV terminal repeat sequences, the bacterial car gene 
driven by the AAV P 5 transcription promoter and the AAV polyadenylation signal 
(Khlief et al. 1991. Virology 181:738-741). For packaging of P YT45 into an infectious 
virion P 1097cap was used to provide the cap gene sequences which provide capsid 
5 proteins for assembly of the AAV virion. P 1097cap does not produce any of the Rep 
proteins due to the lack of the p5 transcription promoter and a 12bp XbPj 
oligonucleotide linker that is inserted at nucleotide 1097 of the AAV «p gene 
sequences. pl097cap contains AAV sequences from nucleotide 263 to 4493 inserted 
into the pGEM3Z plasmid (Promega Corp.). 
10 FormepackagmgofpYT45sequen^^ 

were cotransfected onto 5 x 10 5 ceUs of each cell line that had been infected with 
adenovirus and induced with cadmium and zinc salts. Two days after transfection, the 
packaged pYT45, vYT45, was harvested as described above and used to infect new 
cultures (5 x 10 5 cells) of the same cell lines from which they were derived, after the 
15 cultures had been induced with heavy metal and infected with adenovirus. Two days 
. after infection, the cultures were harvested, extracts prepared and half of the ext^ct 
from 5 x 10 s cells was used for Cat enzyme assays (Ausubel et al. (ed.) 1987. QmSD! 
^ VrM ^„l a rBml 0gV . Greene Publishing Associates, Brooklyn, N.Y.). The 
percentage acetylation of chloramphenicol was determined by scintillation counting of 
20 the thin layer chromatography plates. 

. To package rep gene mutant AAVs, 10 M of pJDT279 was transfected into 
5 x 10 s adenovirus-infected Rep-producing cells that had been induced with heavy 
metals, two days later, the cultures were harvested by scraping the cells into 
phosphate buffered saline (PBS) containing 5 mM MgCl, frozen and thawed three. 
25 times heated at 60'C for 30 minutes to inactivate the adenovirus and then treated for 
30 minutes at 37'C with 100 Units/ml of pancreatic DNasel (Sigma Chemical Corp.). 
The extract was centrifuged at 10,000 x g for 20 minutes at 4«C, and the supernatant 
was used for subsequent infections. The extracts were used to infect new cultures 
(5 x 10* cells) of the same cell lines from which they were derived after the cultures 
30 had been induced with cadmium and zinc salts as described above and infected with 
adenovirus. Two days later, the cultures were harvested, Hirt DNA preparations 
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perfonned and analyzed by agarose gel electrophoresis and Southern hybridizations 
with the same radiolabeled cap gene probe that was used for the DNA replica** 

assays. . 
To determine if the Rep-inducible cell lines were capable of producing 

onto the heavy metal-induced cell lines that had been infected with adenovirus. Two 

• - days later, the cultures were harvested, and crude cell extracts were prepared as 

described above. The extracts were then used to infect new cdtures had been induced 
. with heavy metal and infected with adenovirus. Two .days later, the cultures were 
10 harvested, Hirt DNA preparations performed and analyzed by agarose gel 

electrophoresis and Southern hybridizations with a radiolabeled cap gene probe. In 
Fig 4 the pMtrep lane contains DNA from 293 cells that had been infected with 
VJDT279 that had been produced by cotransfection of pMtrep and pJDT279 onto 
. ad enovirus-infected293ceUs. The pJDT279 lane contains a partial digestion of 

dimer(D) and monomer (M) replied form and single strand (SS)DNAs are 
indicated. From Fig. 4, it is apparent that all of the Rep-producing cell lines directed 
the assembly of infectious AAV containing a mutant rep gene. (Replicative form (RF) 
monomer DNA could be observed in the Neo40 lane upon longer exposure of the 

20 autoradiogram.) m . 

No infectious virus was amplified in the absence of induction indicating that 
there was no detectable production of wild type virus produced during the initial 
transfection. ^a^Mc^M^y^^i^^^^ 
induced or noninduced conditions. As a control for these experiments j pMtrep was 

25 cotmsfectedwimp^ . 
tested. After subsequent mfe^^^ 

that wild type AAV was generated from the initial cotransfection of pJDT279 and 

recombination between the common rep gene sequences between pMtrep and pJDT279. 
30 These experiments indicate that the Rep-producing cell lines provide an improved 
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method for generating infectious rep gene mutant virus without, producing wild type 
AAV from recombination. 

MTT growth assay. 

5 Comparison of the growth rates under induced and uninduced conditions for 

neo5, neo6, and neo40 cells was made using MTT growth inhibition assays. 

' lxltf Neo5,Neo6 or Neo40 cells were seeded into each well of a 24-weU 
dhh Twenty-four hours afto plating, the medium on half of the cultures was changed 
to include cadmium and zinc salts. At 2, 4, 8 and 12 days after plating, the medium 
10 was replaced with serum-free, phenol red-free MEM containing 0.05 mg/ml MTT (3- 
(4 5-dimemylthiazol-2-yl)2,5^phenyltetrazoUum Sigma Chemical Co.). The 

cultures were then incubated for an additional 4 hrs at 37'C in a humidified 5.0% CO, 
atmosphere. The medium was then removed by aspiration and the cultures treated with 
200 Ml of stop solution (0.04 N HC1 in isopropanol). The plates were shaken 
15 vigorously for one hour to dissolve the formazan crystals. .Absorbance (at 595 nm) of 
the stop solution was determined. Stock MTT solutions were prepared by first 
dissolving MTT in PBS, P H 7.5, at a concentration of 5 mg/ml. The solution was 
filtered with 0.45 /i syringe filters to remove any undissolved crystals. 

Upon induction of rep gene expression, both neo6 and neo40 cells grew much 
•20 more slowly than did the uninduced cultures (Fig, 6), In contrast, the control neo5 
cells were not inhibited by heavy metal induction. Between the eighth and twelfth days, 
■^M**i,Mcdk*m**\Kfrl^^ This may be due to loss of 
Rep protein expression or cellular acclimation to the presence of Rep proteins. 
Immunofiuorescent staining using anti-Rep antibodies of the induced cultures up to 
25 fourteen days after induction revealed that 50-60% of the cells still contained Rep 
protein (Yang and Trempe, Unpublished data). This percentage is similar to that of 
neo6 or neo40 cells after a two-day induction. 



30 
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Exampte 4 

Production of Stable Cell Lines 
The Neo6 and Neo40 cell lines have been cultured for more than ten months 
and more than 50 generations. The abilities of these cells to produce the Rep proteins 

5 upon induction has not diminished over this period of time. Both cell lines have 
retained inducibility, and there is no change in the population of cells that are . 
responsive to heavy metal induction as measured by Rep protein production (Yang and 
Trempe, Unpublished data). A critical period in the development of the cell lines was 
observed from passage 10 to 15, during which time the cells of inducible cell lines 

10 could not be trypsinized and replated at low density (more than 1 to 3 dilution). After 
this crisis period, the clones can be maintained as established cell lines with the 
exception of subclone Neo34, which could not be cultured beyond 20 passages. Clone 
Neo34 expressed detectable amounts of Rep protein and behaved similarly in functional 
assays to other clones (Yang and Trempe, Unpublished data). 

Colony-formation efficiency (CFE) assay. 

The presence of AAV DNA sequences results in altered growth properties of 
' infected cells, and in some cases arrests cell growth. To determine the effects of the 
Rep protein on the cell lines, the growth rates and colony formation efficiency of the 

20 neo 5, neo6 and neo40 cell lines were determined. The doubling times of the Rep- 
inducible cells (as measured by trypan blue exclusion) indicated that they multiplied 
more slowly than neo5 cells with doubling times of about 35 hours for neo 5, 43 hours 
for neo6, and 50 hours for neo40 (Yang and Trempe, Unpublished data). 

1 x 10 3 Neo5, Neo6 and Neo40 cells were sparsely plated on 6 cm dishes in 

25 triplicate to test their cloning efficiency in the presence and absence of Rep protein 
expression. Two of the three cultures in each set contained cadmium and zinc salts in 
the medium, and the third contained normal medium. After 14 days' incubation, the 
uninduced culture and one induced culture from each set were fixed in 18% 
formaldehyde in PBS and stained with crystal violet as described previously (Yang et 

30 * al. 1992. J. Virol. 66:6058-6069). The heavy metal-containing medium on the third 
culture in each set was replaced with normal medium, and those cultures were 
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^.andthenumberoffociwere^ • Foci^^^™^ 

Heavy metal induction (accompanied by Rep synthesis) had ft moderate 
^effcc.ond.eCFEofneoSceus.CFil.S. Two weeks after incubation, the 
< ^IpDG) and tminduced (A.C.F) piafcs stained. The remaining plates (E.H) 

.. However, me grow* of T **** " ^ 

pK senceofinduction. For both neo6 and nec40 «lls, there was ft greaKr dan 90* 
Xtion o, CFE in the presence of Rep7, When Rep7S was pressed, ^ 

Microscopic exanunation of die plates before stating reveftied tha, .hose ceUs 

which failed . grow into dusters were morphologic* normal (Yang and Tremp* 
LpuhU^data,. Someofmeurgefoci.rommduc.nec.cel,^^ 

u antibody . determine if they reained me ability to express Rep protem. AU of the 
II Led showed similar levels of immunofluorescence as 
induced fo, two days (Yang and Trempe, Unpublished data). 

Flow cytometry analysis. „ 
20 TneMVRep78pro^inhibi B SV40 DN Arepbca«onm293»nd^l^ls 

and Clular DN ASynthe* * NB3T3 ceUs (Yang e. * >~£^- L 
, VtaU. The inhibition m, be due to either direct interference of cellular ^ 

L two possibilities, flow c^ometi, was performed on the inducible cd> Unes » 
!T axltfcdlsofNeoe.neMOandcontrmneoSeeUswereplatedmlScm 
05 follows. IxlO-ceusor lft „ 72 houn of incubation, cells 

.rk- ;„ Aeoresence or absence of heavy metals. After 72 hours or in 

30 S^S^^-^--*-'-^ 
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order polynomial fit using the Multicycle software described by Peter S. Rabinovitch 

(PhoenU HowSyswt) HeavJ mmls ta « no effects «. *e ceU cycle 

Table 1 summarizes the results. Heavy me „,„„,. 
.^on in ^ c* as demons^ b, the similar percentages ^ . 
5 ^ andSpnasesofeeacycleCTabie.), Gone neoW, however, showed a 

- - T«r Neo6 cells also dispUyed a. modest. increase of cells m S phase upon 

Its cells. Tnis effect ma, be due to leveU — 
10 ndetectab* m me uninduced state. B so. low level Rep protan «p*ss^,m . 
unW ucedmetaUotruonein promo*r may exert an inhibitory^ *>****~ 

obll an, » S phase. *» <~ " "** 

CI process of DNA synthesis indicaung ma, Rep7 8 does not introduce a cy* 

Mock but rather it slows the progress of the cell through.me DNA W*^* 

15 UtrnorslolgofDNAs^esisins.adofm.oducin g a ceB cycie blo* m dte 

Gl, G2 or M phases. 
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TABLEL Cell cycle distribution 



of induced and uninduced clones.' 



10 




15 



, ... „ f -,_i(ys ceils in the absence (-) or 

^ <♦> of heavy ^ -» °" ^ flow „ * peruse, of 

odls in ihe todicateo pto« of the cdl cycle ± 
Bsulls are a compiMon of four Kperiments. 
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Claims 

expressing functional Rep protein. 



10 



3. Be cell line of claim 2 wherein the transcription promoter is a murine 
metallothionein I gene promoter. 



4 

c ,™,r n iim a telv -650 bp from the transcnption start 
murine metallothionein I gene from approximately tou op 

15 site of the gene to 69 bp downstream, of said site. 
5. Cell line Neo6. 

on tvne AAV said method comprising 

^Ji, pfcsMd an AAV v«or, * AAV v«o, *. 

functional aav capM B overlapping homology 

functional AAV capsid gene, wherem said AAV vector lacks 
25 with AAV sequences in the cell provided in claimed _ ^ f 

. the AAV rep and capsid genes. 

mh :.. nt aav vector without producing wild- 

7. A method of packaging a recombinant AAV vec 

30 type AAV comprising 
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(a) transfecting a helper virus infected cell line of claim 2 with the 
recombinant plasmid containing an AAV vector, said AAV vector either having a 
functional AAV capsid gene or being complemented 'with a second vector having a 
functional AAV capsid gene, wherein said AAV vector lacks overlapping homology 

5 with AAV sequences in the cell provided in claim 2; and 

(b) culturing the transfected cells under conditions that permit expression of 
the AAV rep and capsid genes. 

8. A method of packaging a recombinant AAV vector without producing wild- 
10 type AAV comprising 

(a) transfecting a helper virus, infected cell line of claim 3 with the 
recombinant plasmid containing an AAV vector, said AAV vector either having a 
functional AAV capsid gene or being complemented with a second vector having a 
functional AAV capsid gene, wherein said AAV vector lacks overlapping homology 

15 with AAV sequences in the cell provided in claim 3; and 

(b) culturing the transfected cells under conditions that permit expression of 
the AAV rep and capsid genes. 

9. A method of packaging a recombinant AAV vector without producing wild- 
20 type AAV comprising 

(a) transfecting a helper virus infected cell line of claim 4 with the 
recombinant plasmid containing an AAV vector, said AAV vector either having a 
functional AAV capsid gene or being complemented with a second vector having a 
functional AAV capsid gene, wherein said AAV vector lacks overlapping homology 

25 with AAV sequences in the cell provided in claim 4; and 

(b) culturing the transfected cells under conditions that permit expression of 
the AAV rep and capsid genes.* 

10. A method of packaging a recombinant AAV vector without producing wild- 
30 type AAV comprising 
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(a) tv^^^U^**™*^'^** 

. ^mbinant plasmid containing an AAV vector, said AAV vector either having a 
functional AAV capsid gene or being complemented with a second vector havmg a 
fcncdonalAAVc^^ , 
5 with AAV sequences in the cell of claim 5; and 

(b) culturmgthetnnsfected^ 

" the AAV rep and capsid genes. - ■ - -, - - - - 

U . A method of reir.fe.atag the ceu Itae of claim 1 with parfcte without 
10 0 rcdacing»fld-typeMV,sddn^rfcon V nsii.g . 

MV parode. said particle containing a vector either having a functional AAV capstd 

AAV rep and capsid genes. 

12. A method of reinfecting the cell line of claim 2 without producing wild- 

AAV particle, said particle having a vector either having a functional AAV capsid gene 

25 AAV rep and capsid genes. 

• • -„ a av vector said vector either having a 
30 AAV particle, said particle containing an AAV vector, saiav 
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functional AAV capsid gene; and _ 
• (b) culturing the infected cells under conditions that pennit expression of the 

AAV rep and capsid genes, 
5 14. A method of reinfecting the cell line of claim 4 without producing wild- 

- -tvoe AAV comprising _. _ . - rr - . a 

w (a) ^.-^^- torf * 4 ^ , ""*r 

AAV rep and capsid genes. . r 

15 . A m0 hod of reinfecting .he cell line of claim 5 without producing wild- 

AAV parfcle. .aid paride containing an AAV vector, said vector either having . 
WW AAV capsid ge« or being ***** » — <•» ta ™ 8 1 

20 functional AAV capsid gene; and . 

W - cu.^g.heinfec^ceUs^o^ions^penm.e^on.f^ 

AAV rep and capsid genes. 

16 . Anttthod for producing the cell line of claim 1 comprising ^ 

78 insenative transcription promoter, •, . 

™ ^*«««-.**'---••'^ , *-"• , 

the gene; . , 

30 (c) selecting a cell that stably produces said proton; and 

(d) growing said cell to produce the cell line. 
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ge „eoperablylin^toa^ 

18 A method for producing the cell line of claim 17 comprising 
5 £ Lfectmgamamn^ 

«mtPin 78 insensitive transcription promoter; 



0>) 

ne; 

(c) 



10 the gene; . . 

selecting a cell that stably produces said protein; and 



(d) 



growing said cell to produce the cell line. 
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